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© Mixed mode analog/digital programmable interconnect architecture. 

© A user-programmable integrated circuit includes an analog portion containing user-configurab le anatog circuit 
modules a digital portion containing user-configurable digital circuit modules, an interface porton contam ng 
Ter-configurable interface circuits for conversion of signals from analog to digital form and from d,g,tal to analog 
form, and a user-configurable interconnection and input/output architecture. 
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BACKGROUND OF THE INVENTION 

1. Field Of The Invention 

5 The present invention relates to user-configurable integrated circuits. More particularly, the present 

invention relates to user-configurable circuit arrays including both analog and digital circuit elements. 

2. The Prior Art 

io User-configurable digital integrated circuits are known in the art. 

BRIEF DESCRIPTION OF THE INVENTION 

The present invention is a user-programmable integrated circuit including an analog portion containing 
15 user-configurable analog circuit modules, a digital portion containing user-configurable digital circuit mod- 
ules, an interface portion containing user-configurable interface circuits for conversion of signals from 
analog to digital form and from digital to analog form, and a user-configurable interconnection and 
input/output architecture. 

The analog portion of the integrated circuit according to the present invention may include both analog 

20 input and output circuits. Analog input circuits included within the scope of array circuitry of the present 
invention include, but are not limited to, circuit elements such as amplifiers, preamplifiers, filters, analog-to- 
digital (A/D) converters. Analog output circuits within the scope of the present invention include, but are not 
limited to, amplifiers, filters, digital-to-analog (D/A) converters and other circuits. Other analog circuits are 
included within the scope of the present invention. For example analog comparators, analog switches, and 

25 analog multiplexers may be used in circuit configurations according to the present invention. The particular 
type of analog circuits used with the present invention will depend to a large extent on the particular 
application to which the circuit is to be put, and those of ordinary skill in the art will readily recognize the 
applicability of the principles of the present invention to particular circuit design considerations. 

According to the present invention, the parameters of the analog circuitry in the analog section of the 

30 integrated circuit, such as amplifier gain, filter bandwidth, A/D and D/A conversion resolution, and other 
parameters may be user-selectable by means of user-programmable means such as antifuses, fusible links, 
non-volatile memory elements, pass transistors, memory-element-controlled switches or the like. The 
fabrication and use of such user-programmable elements are well known in the art. 

According to a presently preferred embodiment of the invention, tuning of analog electrical parameters 

35 includes use of such user-programmable technologies for partial or complete selection of resistive, 
capacitive, passive, or active circuit elements, to attain the required circuit performance. For example, the 
gain of an operation amplifier may be selected or tuned by appropriate selection or alteration of input or 
feedback resistor values. 

The digital portion of an integrated circuit according to the present invention includes user-configurable 
40 logic function circuits imbedded in a user-configurable interconnect architecture, such as are disclosed and 
claimed in United States Patent No. 4,758,745, United States Patent No. 4, 873,459, and United States 
Patent No. 4,910,417, expressly incorporated herein by reference for the architecture and user-configurable 
circuit modules disclosed therein. 

The analog and digital circuits included in the present invention may be connected together using 
45 interface circuits known in the art, such as A/D and D/A converters, integrated onto the same semiconductor 
substrate material as the digital and analog circuitry. 

According to the present invention, all analog signal processing may be performed by analog circuits 
included on the integrated circuit array. The analog signals may then be converted to digital form and then 
may be digitally processed using the digital portion of the integrated circuit. If necessary, digital signals 
so may be converted to analog form and output from the integrated circuit at analog voltage levels. 

According to a presently preferred embodiment of the invention, input and output signals are in analog 
or digital form as required by the circuit application. 

In a presently preferred embodiment of the invention, a programmable interconnect architecture 
including a plurality of user-configurable analog switches may be used to provide interconnections between 
55 elements in the analog portions of the circuit and connections from circuit elements in the analog portion to 
the analog to digital interface section. In addition, user-configurable analog switches are also used to 
establish interconnections between the input'output pads of the integrated circuit and the analog circuit 
block. 
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User-configurable interconnect elements are used to make interconnections throughout the dig.tal 
portions of the circuit and from the digital portion to the digital to analog interface portion of the circuit The 
user-configurable interconnect architecture may also be used to connect circuit nodes from the digital 
Dortion of the integrated circuit to input and output pins of the integrated circuit. 

According to yet another aspect of the present invention, both analog and digital probe circuitry al tows 
monitoring and observing of the signal conditions at internal nodes in the analog and digital portions of the 
integrated circuit. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG 1 is a block diagram of an integrated circuit architecture according to the present invention. 

FIG 2a is a block diagram of a programmable analog switch suitable for use in the present invention. 

FIG 2b is a schematic diagram of a presently preferred embodiment of the analog switch in FIG. 2a. 

FIG. 3a is a schematic diagram of an operational amplifier having programmable gain which may be 
incorporated into the analog portion of the present invention. 

FIG 3b is a schematic diagram of an operational amplifier having programmable gain without switch- 
induced error which may be incorporated into the analog portion of the present invention. 

FIG. 3c is a schematic diagram of a programmable voltage reference source without switch-induced 
error which may be incorporated into the analog portion of the present invention. 

FIG. 3d is a schematic diagram of a programmable precision current reference source which may be 
incorporated into the analog portion of the present invention. 

FIG. 3e is a schematic diagram of a programmable voltage comparator which may be incorporated into 
the analog portion of the present invention. 

FIG. 3f is a schematic diagram of a programmable voltage-controlled oscillator wh.ch may be 
incorporated into the analog portion of the present invention. 

FIG. 4 is a schematic diagram showing an example of connectability provided between the analog 
circuit modules input/output pads and interface circuits of the present invention. 

FIG. 5 is a block diagram illustrating analog probe circuitry used in a presently preferred embodiment of 
the invention. 

DETAILED DESCRIPTION OF A PREFERRED EMBODIMENT 

Referring first to FIG. 1, an illustrative embodiment of a mixed Analog/Digital user-programmable 
integrated circuit array 10 according to the present invention is shown. Array 10 includes a plurality of 
5 analog circuit modules, illustrated at blocks 12a, 12b. 12c. and 12d. Analog circuit modules 12a-12d may 
include amplifiers, preamplifiers, filters, analog switches, multiplexers, and the like. The dec.s.on regarding 
which types and quantities of each type of analog circuit modules to include in a particular integrated circuit 
according to the present invention will be a matter of design choice based largely upon the contemplated 
uses of the circuit. 

o Array 10 also includes a plurality of digital circuit modules, illustrated at reference numerals 14a. 14b. 
14c 14d 14e and 14«. In a presently preferred embodiment, digital circuit modules 14a-14f may be user- 
configurable digital logic circuits, such as those disclosed in United States Patent No. 4,914.417, or in co- 
pending application, serial No. 07/522.232. filed May 11, 1990, and assigned to the same assignee as the 
present invention. ..•„,, m 

, 5 Array 10 also includes a plurality of analog-to-digital and digital-to-analog interface circuits, rllustrated at 
blocks 16a and 16b. respectively. Typical examples of such circuits are well-known analog-to-d.gital 
converters and digital-to-analog converters. The speed and resolution of such circuits is also a matter of 
design choice and will be dictated by the applications to which the integrated circuits will be put. 

A plurality of input/output pads, illustrated at reference numerals 18a-18l. are provided on the integrated 

» circuit containing array 10 for the purpose of transferring analog and/or digital signals and programming 
information to and from the integrated circuit, and for providing power supply voltages, etc. The number of 
input/output pins will be dictated by circuit density and other well-understood factors. 

In the example shown in FIG. 1.. input/output pads I8a-i8d are used for analog input signals and 
communicate with the integrated circuit through input buffers 20a-20d, input/output pads 18e-18h are used 

55 for analog output signals and communicate with the integrated circuit through output buffers 22a-22d, and 
input/output pads 18i-l8l are used for inputs and outputs of digital signals. 

Interconnections between the various analog circuit modules and input/output pins 18a-18h and to and 
from the analog sides of analog to digital interface circuit 16a and digital to analog interface circuit 16b are 
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made using a user-configurable analog switch network 24. User-configurable analog switch network 24 
contains a plurality of configurable analog switches, connected between selected circuit nodes in the analoq 
portion of array 10 and which may be programmed by the user to be on or off. The number and type of 
possible connections will vary for particular embodiments of the present invention and the degree of 

5 connectability provided by such a network in an actual integrated circuit fabricated according to the 
principles of the present invention will be dictated by particular design considerations 

The connections between digital logic modules 14a-14f, between those modules and interface circuits 
16a and 16b and input/output pads 18i-18l on the integrated circuit containing the array 10 of the present 
invention may be made using a user-programmable interconnect architecture. This architecture is illustrated 

o in FIG. 1 as a network of conductors running in channels disposed in rows and columns in the area of the 
integrated circuit adjacent to the digital and interface circuit modules in array 10. 

As is shown in FIG. 1 some conductors in the interconnect matrix are shown divided along their length 
into one or more segments. These segments are joined together by programmable interconnect elements 
illustrated symbolically by circles. By way of example, the leftmost conductor in a vertical channel 26 is 

5 shown divided into segments 28, 30, 32, and 34 by programmable interconnect elements 36, 38 and 40 
Similarly, the bottom conductor in horizontal channel 42 is shown divided into segments 44 46 and 48 bv 
programmable interconnect elements 50 and 52. ' 

Programmable interconnect elements are also shown symbolically as circles disposed at crosspoints 
between intersecting ones of the conductors. For example, a programmable interconnect element identified 

> by reference numeral 54 is shown at the crosspoint between segment 28 and conductor 56 connected to 
input output pad 18i. 

The number of conductors in each channel, the segmentation of the conductors, and the number of 
programmable interconnect elements placed at crosspoints in the interconnect architecture may all be 
varied according to the size and layout of array 10. Various schemes for such an interconnect architecture 
' M 6 5 >7in ^ t3teS Patent Na 4 ' 758 - 745 ' United sta tes Patent No. 4, 873,459, United States Patent 

No. 4.910.417, and co-pending application serial No. 07/542,722, filed June 22. 1990, expressly incor- 
porated herein by reference. 

The programmable interconnect elements themselves may be antifuses, transistors controlled by 
anSes aTe rtZri*™* e ' em8ntS ' fUSib ' 6 links ' or the like ' ln a P resent, V Preferred embodiment. 

Those of ordinary skill in the art will recognize that FIG. 1 has been drawn somewhat schematically for 
simplicity. Such persons will readily recognize that some of the interconnect conductors shown in FIG 1 are 
in reality comprised of a plurality of conductors. For example, conductors 58, 60, 62. and 64, connecting the 
interface modules 16a and 16b to the digital interconnection architecture, are multiconductor busses The 
"fTn Z ™ COnductors confined in each of these busses will, of course, depend on the resolution 

of the A/D and D/A converters used in a particular circuit fabricated according to the principles of the 
present invention. 

Numerous programmable analog circuits may be incorporated into the analog portion of the array of the 
present invention. Selection of user-selectable parameters for the analog circuit modules as well as 
interconnection of the analog circuit modules into the array of the present invention may be facilitated using 
a user-programmaWe analog switch. Such a user-programmable analog switch 70 is shown in block 
diagram form ,n FIG. 2a and includes an analog input node 72, an analog output node 74 and a control 
voltage input 76. A user-programmable interconnect element 78 is connected between control voltage input 
7<o and ground. a K 

User-programmable analog switch 70 is configured to connect its analog input node 72 to its analoq 
output node 74 and thus pass the analog signal appearing from analog input node 72 to analog output node 
74 when .ts control voltage input 76 is in a first logic state and to disconnect its analog input node 72 from 
.ts analog output node 74 when its control voltage input 76 is in a second logic state. The logic state 
appearing on control voltage input 76 of user-programmable analog switch 70 may be determined by either 
reTveTu^grou P n2d ammab,e interC ° nneCt Glement 78 or leavin 9 il ""programmed to connect it to ground or 

Referring now to FIG. 2b, a presently preferred embodiment of a user-programmable analog switch 70 
according to the invention is shown. From an examination of FIG. 2b, it may be seen that user- 
programmable analog switch 70 includes an analog pass gate comprising N-channel MOS transistor 80 and 
P-channel MOS transistor 82. The pass gate is driven from a circuit node 84. Inverter 86 assures that the 
signals on the gates of transistors 80 and 82 are complementary, so that both transistors are either on or off 
simultaneously. 

Circuit node 84 is driven by an inverter 88 driven by a circuit node 90. Circuit node 90 is disposed 
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between a user-programmable interconnect element 78, having its other end connected to grounc and a P- 
cha^nel transistor 92 connected as a current source from V DD . If user-programmable .nte ,rconnect element 
■ conduc s node 90 is connected to ground. If user-programmable interconnect 

node 90 is maintained at a logic high voltage by the action of the current source P-channel MOS transistor 

5 in an embodiment of the present invention where user-programmable interconnect element 78 is an 

anti use it may be Programmed easi.y by providing a programming transistor 94, connected to a source of 
ProSmming voltage V PP . Programming transistor 94 has its gate connected to a programming node 86 « 
programming node 96 is raised to V PP , the antifuse user-programmable interconnect element w,.l be 

10 Pr ° 9 M™*a now to F.G. 3a, a schematic diagram is shown of an operational amplifier having user- 
prog?ammab.e galnlich may be incorporated into the ana l0 g portion of the ^j^^^ 
amplifier 100. which may be any operational amplifier circu.t as .s known ,n the art, .s seen to include 
Averting input node 110. non-inverting input 104, and output 106. A first res.stor 108 is connected n series 
, 5 between inverting input 102 and inverting input node 110 of amplifier 100. Non-mvertmg mput 104 ,. 
COn ZcoTngTL present invention, a plurality of resistors and user-programmable interconnect 
elements a e'uti.ized to set the gain of operational amplifier 100. Thus, resistor 112 placed , ,r ^ ^ 
user-programmable interconnect element 114 between output node 106 and inverting mput ^ node 1 MO o^ 
20 amolifie/lOO Similarly, resistor 116 is placed in series with user-programmable interconnect element 118 
between output node ?06 and inverting input node 110 of amplifier 10 0. resistor 120 .s placed m senes ; with 
^-programmable interconnect element 122 between output node 106 and.nvert.ng mput node UO of 
ampime?i00, and resistor 124 is placed in series with user-programmable .nterconnect element 126 
between output node 106 and inverting input node 1 10 of amplifier 100. rMMf ^ 
25 Those oi ordinary skill in the art will recognize that, depending on the values chosen ^ 

and how many resistor and user-programmable interconnect element comb.nat.ons are provided, the gam of 
ampler ToS may be set to one of a number of different values by appropriately programme selected 
ones of the user-programmable interconnect elements. 

The cLuit o? FIG. 3a can provide selectable gain for amplifier 100 with an accuracy mited by the 
30 predictability of the final resistance of the user-programmable interconnect elements 1 14. 118. 122 and 
?26 fn many applications, a larger degree of accuracy is needed than can be assured by using the circuit 

° f F Refer i rinq now to FIG. 3b, a schematic diagram of an amplifier is shown having programmable gain 
withoTsw tch "induced error which may be incorporated into the analog portion of the present inven ion. 
• 35 Implif e^fo is shown having non-inverting input node 132. inverting input node 134 and output node 136^ 
^ feedback network comprising analog switch 138 and resistors 140 and 142 

inverting input node 134 and output node 136. A second feedback network s.m.lar tc .the ^ first feedback 
^^£i*£p«*«Q analog switch 144 and resistors 146 and 148 is a!so connected between mverting 
SrLe I34^d output node 136. .n a present.y preferred embodiment of the invention, analog switches 
40 Tand 144 maVbe the analog switches disclosed with respect to FIGS. 2a and 2b. Us.ng the well known 
e^tionsh p foT amp.if.er gain it may be seen that if first analog switch 138 is programmed, the gam of the 



circuit ii 



(1) 



so and if second analog switch 144 is programmed, the gain of the circuit is: 

55 

By using the analog switch circuits of FIGS. 2a and 2b, the gain of the amplifier is not subject to switch- 
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induced gain error. 

Using the principles of the present invention, other analog circuits havinyo user-selertahi* r«r™ 0 

circuit ,60 i, shown ,o ,„c,ud e „ o. ,h 9 * me „ B „» L Z^Sl^Z^ 

Vod and its dram is connected to res.stor 164. The other end of resistor 164 is the output node 1 
precision current reference circuit 16q. ouiput noae 1 



of the 



P^SZ^^Sr^^^ drCUit 8CCOrdin9 t0 Pr6Sent inV6nti0n is show n in RG 3e 

™ .^-_-=rnr.r — = 

■■■■111 

circuit, switches 246 and 248 are turned on and ana.og switch 250 is ruaJ^Z^^^ J^ 
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included in the circuit, switches 246 and 248 are turned off and analog switch 250 is turned on. 

All signals up to the input of the A/D converter are of analog voltage levels. The A/D converter serves to 
convert the analog voltage at its input to a multibit digital value at its output. As appreciated by those of 
ordinary skill in the art. The A/D converter may have different resolutions and conversion times. A preferred 
embodiment contains 12-bits of resolution. 

The diqital output lines 252 from the A/D converter (n lines are shown) may be connected to digital 
logic modules in the user-programmable digital logic module array portion of the integrated circuit as shown 
in FIG 4 The digital lines 252 are brought into a channel of interconnect conductors 254 where they 
intersect individual conductors 256, 258, 260, 262, 264. and 266. Programmable interconnect elements 268 
may be located at each intersection. These interconnect elements 268 may be programmed to connect the 
digital output lines 252 from the A/D converter to selected ones of the interconnect conductors. 

Diagnostic circuitry may be included on" the integrated circuit to allow observation and/or control of 
selected circuit nodes. The diagnostic circuitry preferred for use in the digital porton of the circuit is 
disclosed in United States Patent 4,857,744 and co-pending application serial No. 07/646,268, filed January 
28, 1991, entitled Testability Circuits for Logic Circuit Arrays, both of which are expressly incorporated 
herein by reference. 

Referring to FIG. 5, diagnostic circuitry for the analog portion of the array of the present invention is 
shown. The analog circuitry whose outputs are to be probed includes a filter 270, a comparator 272, an 
amplifier 274, and an oscillator 276. The outputs of filter 270, a comparator 272, an amplifier 274, and 
oscillator 276 are connected to the inputs of analog switches 278, 280. 282. and 284. respectively. The 
outputs of analog switches 278. 280. 282. and 284 are connected to a common circuit node 286. Node <>8b 
is connected to the input of a buffer amplifier 288. The output of buffer amplifier 288 is connected to an 
output pad 290 of the integrated circuit containing the array of the present invention. 

In a presently preferred embodiment, analog switches 278. 280. 282. and 284 may include a Portion of 
the circuit of FIG. 2b comprising input 72. output 72. N-channel MOS transistor 80. P-channel MOS 
transistor 82 node 84. and inverter 86. where node 84 is the control node of the switch and turns it on when 
at a high voltage level and off when at ground. Reference numerals 70, 72. and 84 are used to indicate 
these elements in FIG. 5. - 

Control inputs 84 of analog switches 278. 280. 282. and 284 are connected to the outputs of one-of-N 
» decoder 292 One-of-N decoder 292 may be one of a number of known decoder circuits and may be driven 
from register 294 from signals originating off chip in the manner taught by United States Patent No. 

4 ' 75 When one of the outputs of one-of-n decoder 292 turns on the analog switch with which it is associated, 
the analog voltage value at the output of the selected analog function circuit becomes available on output 

While a presently-preferred embodiment of the invention has been disclosed, those of ordinary skill in 
the art will from an examination of the within disclosure and drawings be able to configure other 
embodiments of the invention. These other embodiments are intended to fall within the scope of the present 
invention which is to be limited only by the scope of the appended claims. 



An user-configurable integrated circuit architecture, including: 

a plurality of user-configurable digital logic circuit modules, each of said digital logic module having 
a plurality of inputs and at least one output, at least one of said digital logic circuit modules including 
means for configuring said digital logic module by a user to perform one of a plurality of functions; 

a plurality of user-configurable analog circuit modules, each of said analog circuit modules having 
an input and an output, at least one of said analog circuit modules including programmable means, 
programmable by a user, for selecting one or more circuit parameters for said at least one of said 
analog circuit modules. 

a first group of input/output pads on said integrated circuit, each one of said first group of input 
output pads communicating with the input of one of said analog circuit modules; 

a second group of input/output pads on said integrated circuit, each one of said second group of 
input/output pads communicating with the output of one of said analog circuit modules; 

at least one analog-to-digital converter having an analog input and a multibit digital output; 

at least one digital-to-analog converter having a multibit digital input and an analog output; 

a plurality of user configurable analog switches, first ones of said plurality of analog switches 
connected between ones of said input/output pads in said first group and the inputs of selected ones of 
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said analog circuit modules, second ones of said analog switches connected between ones of said 
input/output pads in said second group and the outputs of selected ones of said analog circuit modules, 
second ones of said analog switches, third ones of said analog switches connected between the 
outputs of ones of said analog circuit modules and the analog input of said at least one analog-to-digital 
converter, fourth ones of said analog switches connected between the analog output of said at least one 
analog-to-digital converter and selected ones of said analog circuit modules and said input/output pads 
of said second group; 

a plurality of interconnect conductors associated with said plurality of digital logic circuit modules, 
the multibit digital output of said at least one analog-to-digital converter and the multibit digital input of 
said at least one digital-to-analog converter, each of said interconnect conductors divided into one or 
more segments, at least some first ones of said segments running in a first direction and at least some 
second ones of said segments running in a second direction different from said first direction so as to 
form mtersections between said first ones and second ones of said segments; 

a plurality of user programmable interconnect elements, first ones of said interconnect elements 
connected between adjoining ones of said segments in a same one of said interconnect conductors, 
second ones of said interconnect elements connected between intersections of selected ones of said 
first and second segments, third ones of said interconnect elements connected between inputs and 
outputs of said digital logic modules and selected ones of said segments, fourth ones of said 
interconnect elements connected between the multibit digital output of said at least one analog-to- 
digital converter and the multibit digital input of said at least one digital-to-analog converter and 
selected ones of said segments. 

An user-configurable integrated circuit architecture, including: 

a plurality of user-configurable digital logic circuit modules, each of said digital logic module having 
a plurality of inputs and at least one output, at least one of said digital logic circuit modules including 
means for configuring said digital logic module by a user to perform one of a plurality of functions; 

a plurality of user-configurable analog circuit modules, each of said analog circuit modules having 
an input and an output, at least one of said analog circuit modules including programmable means, 
programmable by a user, for selecting one or more circuit parameters for said at least one of said 
analog circuit modules; 

a plurality of analog input buffers, each one of said analog input buffers having an input and an 
output; 

a plurality of analog output buffers, each one of said analog output buffers having an input and an 
output; 

a first group of input/output pads, on said integrated circuit, each one of said first group of input 
output pads communicating with the input of one of said input buffers; 

a second group of input/output pads on said integrated circuit, each one of said second group of 
input/output pads communicating with the output of one of said output buffers; 

at least one analog-to-digital converter having an analog input and a multibit digital output; 

at least one digital-to-analog converter having a multibit digital input and an analog output; 

a plurality of user configurable analog switches, first ones of said plurality of analog switches 
connected between ones of said input/output pads in said first group and the inputs of selected ones of 
said analog circuit modules, second ones of said analog switches connected between ones of said 
input/output pads in said second group and the outputs of selected ones of said analog circuit modules, 
second ones of said analog switches, third ones of said analog switches connected between the 
outputs of ones of said analog circuit modules and the analog input of said at least one analog-to-digital 
converter, fourth ones of said analog switches connected between the analog output of said at least one 
analog-to-digital converter and selected ones of said analog circuit modules and said input/output pads 
of said second group; 

a plurality of interconnect conductors associated with said plurality of digital logic circuit modules, 
the multibit digital output of said at least one analog-to-digital converter and the multibit digital input of 
said at least one digital-to-analog converter, each of said interconnect conductors divided into one or 
more segments, at least some first ones of said segments running in a first direction and at least some 
second ones of said segments running in a second direction different from said first direction so as to 
form intersections between said first ones and second ones of said segments; 

a plurality of user programmable interconnect elements, first ones of said interconnect elements 
connected between adjoining ones of said segments in a same one of said interconnect conductors, 
second ones of said interconnect elements connected between intersections of selected ones of said 
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first and second segments, third ones of said interconnect elements connected bett/een mputs and 
outputs of said digital logic modules and selected ones of said segments, fourth ones o sa.d 
interconnect elements connected between the mu.tibit digital output of said at .east one > an*og-to- 
digital converter and the multibit digital input of said at least one d.g.tal-to-analog converter and 



selected ones of said segments. 
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